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METHODS FOR MITIGATING THE INHIBITORY EFFECTS OF LIGNIN AND
SOLUBLE PHENOLICS FOR ENZYMATIC CONVERSION OF CELLULOSE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present patent application is related to and claims the priority benefit of U.S.
Provisional Patent Application Serial No. 62/100,740, filed January 7, 2015, the contents of

which is hereby incorporated by reference in its entirety into this disclosure.

STATEMENT GOVERNMENT INTEREST

[0002] This invention was made with government support under DE-AC36-
99G010337; DOE DE-FG02-06ER06-03; GO12026-174; DEFG02-06ER64301; and
GO18103 awarded by the Department of Energy, and 10677 10646 awarded by the United

States Department of Agriculture. The government has certain rights in the invention.

TECHNICAL FIELD

[0003] This disclosure relates to biomass to bioethanol conversion, and in particular to
methods for improving ethanol production from biomass sources by blocking cellulose from

binding to lignin.

BACKGROUND

[0004] This section introduces aspects that may help facilitate a better understanding of
the disclosure. Accordingly, these statements are to be read in this light and are not to be
understood as admissions about what is or is not prior art.

[0005] Hydrothermal pretreatments, such as liquid hot water pretreatment, steam
explosion, and dilute acid pretreatment, enhance cellulolytic conversion of lignocellulose by
solubilizing the hemicellulose fraction of the biomass. Due to the distinctively different
pretreatment optima for hemicellulose and cellulose, a multi-stage pretreatment offers
advantages over a single-stage pretreatment in terms of achieving a maximal recovery of both
pentose and hexose sugars. In a multi-stage pretreatment, the first pretreatment can be

optimized to remove the majority of hemicellulose while minimizing degradation of
1
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hemicellulose and re-precipitation of humins derived from the degradation. The subsequent
pretreatments are more targeted to generate cellulose with enhanced susceptibility to cellulases.
[0006] The extent of hemicellulose removal alone is not a reliable parameter to predict
enzymatic hydrolyzability of pretreated mixed hardwood. A great degree of variability in
cellulose conversion yields existed among the pretreated hardwood materials even if majority of
initial xylan was removed from the lignocellulose during liquid hot water pretreatment.

[0007] Given the integrative nature of the cell wall structure [67], pretreatment that
changes one property will also affect others. Removal of hemicellulose and some lignin during
liquid hot water pretreatment of lignocellulose, therefore, would also alter other substrate
characteristics that affect cellulose hydrolyzability. The ease of enzymatic hydrolysis of
cellulosic feedstocks can be affected by several substrate characteristics, such as cellulose’s
accessibility to cellulases which is a function of the degree of polymerization (DP),
crystallinity, lignin and hemicellulose content and structure, and particle size.

[0008] Studies have investigated the effect of swelling, DP, fiber size, enzyme
accessible area, crystallinity, composition, and presence of lignin on the enzymatic hydrolysis
of various lignocellulosic materials. However, most studies involved measuring substrate
characteristics of lignocellulose feedstocks that were either pretreated by different pretreatment
technologies or pretreated within a limited range of pretreatment conditions.

[0009] There is therefore an unmet need for strategies to mitigate the inhibitory effects
of lignin and soluble phenolics to ensure robust and economic enzymatic conversion of

cellulose

SUMMARY

[0010] In one aspect, a method for improving enzymatic digestibility of lignocellulose
is presented. The method includes pretreating a lignocellulose feedstock and solubilizing
hemicellulose in the lignocellulose feedstock. In another aspect, the lignocellulose feedstock
has a composition of about 30 to about 60% cellulose, about 20 to about 40% hemicellulose,
about 15 to about 30% lignin, with the balance extractives and ash to give a total of 100%. In
yet another aspect, the method includes further includes separating and washing pretreated
solids to thereby eliminate inhibition by soluble sugar-oligomers and phenolic compounds
released during pretreating. In yet another aspect, the washing step further includes using water
of between about 0.5 to about 15 times the weight of the biomass. In yet another aspect, the
water is recycled water. In yet another aspect, the method further includes using distillation

column bottoms.
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[0011] In yet another aspect, the washing step is conducted at room temperature. In yet
another aspect, the washing step is conducted at temperatures up to 100°C. In yet another
aspect, the method further includes pressure washing at temperatures up to 140°C.

[0012] In yet another aspect, the washing step is carried out in at least two stages. In yet
another aspect, the washing step further includes first using at a temperature of between about
50°C and about 100°C followed by water at 15 to 50 C.

[0013] In yet another aspect, the washing is carried out in a plurality of stages, wherein
the washed solids from one stage is contacted counter-currently with wash water from a
previous stage. In yet another aspect, the pretreating step includes a single-stage pretreatment.
In yet another aspect, the pretreating step is conducted at temperatures above 140°C.

[0014] In yet another aspect, the pretreating step comprises a two-stage pretreatment. In
yet another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step is conducted at temperatures above 180°C. In yet another aspect, the
first pretreating step is conducted at temperatures above 140°C and the second pretreating step
is conducted at temperatures above 190°C. In yet another aspect, the first pretreating step is
conducted at temperatures above 140°C and the second pretreating step is conducted at
temperatures above 195°C. In yet another aspect, the first pretreating step is conducted at
temperatures above 140°C and the second pretreating step is conducted at temperatures above
200°C. In yet another aspect, the first pretreating step is conducted at temperatures above
140°C and the second pretreating step is conducted at temperatures above 205°C. In yet
another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step is conducted at temperatures above 210°C.

[0015] In yet another aspect, the pretreating step includes a three-stage pretreatment. In
yet another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step and third pretreating steps are conducted at temperatures above 180°C.
[0016] In yet another aspect, the pretreating step comprises a multi-stage pretreatment.
In yet another aspect, the first pretreating step is conducted at temperatures above 140°C and

the subsequent pretreating steps are conducted at temperatures above 210°C.

[0017] In yet another aspect, the method further includes solubilizing at least half of the
hemicellulose as xylo-oligosaccharides. In yet another aspect, the method also includes
keeping the slurry under pressure to keep the water in a liquid state. The cellulose loading is
between about 0.5 to about 40 FPU per gram glucan.

[0018] In yet another aspect, the method also includes blocking the lignin from binding
with cellulose proteins with a non-specific binding protein. The pretreated solids are washed

with 1 to 20 volumes of water per volume lignocellulose. In yet another aspect, the non-
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specific binding protein is bovine serum albumin (BSA). In yet another aspect, the pretreating
step is conducted at a temperature of above 180°C.

[0019] In yet another aspect, the lignocellulose feedstock includes any one of or a
combination of hardwood, corn stover, wheat straw, switchgrass, sugarcane bagasse, sorghum
residues, corn pericarp, soybean hulls, soybean residue, hay, and/or softwoods.

[0020] In yet another aspect, a method is presented that includes solubilizing
hemicellulose to thereby improve enzymatic digestibility of lignocellulose. The solubilizing
step is accomplished by liquid hot water pretreatment. In yet another aspect, the liquid hot
water pretreatment is carried at temperatures above 180°C. In yet another aspect, the liquid hot
water pretreatment is carried out in multiple stages, such that the majority of hemicelluloses are
preserved as xylo-oligosaccharides. In yet another aspect, the liquid hot water pretreatment
comprises a single-stage pretreatment. In yet another aspect, the liquid hot water pretreatment
is conducted at temperatures above 180°C.

[0021] In yet another aspect, the liquid hot water pretreatment comprises a two-stage
pretreatment. In yet another aspect, the first pretreating step is conducted at temperatures above
140°C and the second pretreating step is conducted at temperatures above 180°C. In yet
another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step is conducted at temperatures above 190°C. In yet another aspect, the
first pretreating step is conducted at temperatures above 140°C and the second pretreating step
is conducted at temperatures above 195°C. In yet another aspect, the first pretreating step is
conducted at temperatures above 140°C and the second pretreating step is conducted at
temperatures above 200°C. In yet another aspect, the first pretreating step is conducted at
temperatures above 140°C and the second pretreating step is conducted at temperatures above
205°C. In yet another aspect, the first pretreating step is conducted at temperatures above
140°C and the second pretreating step is conducted at temperatures above 210°C.

[0022] In yet another aspect, the pretreating step includes a three-stage pretreatment.
[0023] In yet another aspect, the first pretreating step is conducted at temperatures
above 140°C and the second pretreating step and third pretreating steps are conducted at
temperatures above 180°C.

[0024] In yet another aspect, the pretreating step comprises a multi-stage pretreatment.
In yet another aspect, the first pretreating step is conducted at temperatures above 140°C and
the subsequent pretreating steps are conducted at temperatures above 210°C.

[0025] In yet another aspect, the method further includes solubilizing at least half of the
hemicellulose as xylo-oligosaccharides. In yet another aspect, the method further includes

keeping the slurry under pressure to keep the water in a liquid state.
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[0026] In yet another aspect, the method also includes a cellulase enzyme loading,
wherein the cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan after the
pretreatment is complete and temperature is reduced to below 70°C. In yet another aspect, the
method also includes a cellulase enzyme loading, wherein the cellulose enzyme loading is about
0.5 to about 20 FPU per gram glucan after the pretreatment is complete and temperature is
reduced to below 60°C. In yet another aspect, the method also includes a cellulase enzyme
loading, wherein the cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan
after the pretreatment is complete and temperature is reduced to below 50°C.

[0027] In yet another aspect, the method also includes blocking the lignin from binding
with cellulose proteins with a non-specific binding protein. In yet another aspect, the non-

specific binding protein is bovine serum albumin (BSA).
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BRIEF DESCRIPTION OF DRAWINGS

[0028] FIG. 1 is a plot showing the correlation between the percentage xylan remaining

in pretreated, hot-water washed mixed hardwood and cellulose hydrolysis vields. Hydrolysis:
20 FPU (=32 mg protein) per g glucan, 30°C, 200 rpm, pH 4.8. Pretreatment conditions are
given in Table 1. Data is average of triplicate analysis. Error bars represent 5% 1. Adapted
from Figure 4 in Kim et al._ Numbers indicate different pretreatment conditions given in Table 1.
UT indicates unireated wood, A untreated Avicel, and SF Solka HFloc.

[0029] FIG. 2 shows the correlation between substrate porosity as measured by water
retention value (WRV) and cellulose hydrolysis yields of pretreated, hot-water washed mixed
hardwood. Data is average of triplicate analysis. Error bars represent 95% CI.

[0030] FIG. 3A show the correlation between porosity (total surface area) as measured
by Simon’s staining technique and cellulose hydrolysis yields of pretreated, hot-water washed
mixed hardwood. FIG. 3A shows orange and blue dye adsorbed; Data is average of triplicate
analysis. Error bars represent 95% CI. Numbers indicate different pretreatment conditions given
in Table 1. UT indicates untreated wood, A untreated Avicel, and SF Solka Floc.

[0031] FIG. 3B shows the correlation between porosity (total surface area) as measured
by Simon’s staining technique and cellulose hydrolysis yields of pretreated, hot-water washed
mixed hardwood. FIG. 3B shows total dye adsorbed and the ratio of orange dye to blue dye
adsorbed. Data is average of triplicate analysis. Error bars represent 95% CI. Numbers indicate
different pretreatment conditions given in Table 1. UT indicates untreated wood, A untreated
Avicel, and SF Solka Floc.

[0032] FIG. 4A shows the correlation between porosity (enzyme accessible surface
area) as measured by protein (cellulase, BSA) adsorption and cellulose hydrolysis yields of
pretreated, hot-water washed mixed hardwood. FIG. 4A shows spezyme CP adsorption. Data is
average of triplicate analysis. Error bars represent 95% CI.

[0033] FIG. 4B shows the correlation between porosity (enzyme accessible surface
area) as measured by protein (cellulase, BSA) adsorption and cellulose hydrolysis yields of
pretreated, hot-water washed mixed hardwood. FIG. 4B shows BSA adsorption. Data is average
of triplicate analysis. Error bars represent 95% CI.

[0034] FIG. 5 shows the correlation between cellulose particle size (external surface
area) and cellulose hydrolysis yields of pretreated, hot-water washed mixed hardwood. Data is
average of triplicate analysis. Decrease in particle size correlates to higher conversion. Error
bars represent 95% CI.

[0035] FIG. 6 shows the correlation between cellulose degree of polymerization (DP)
and cellulose hydrolysis yields of pretreated, hot-water washed mixed hardwood. Data is

average of triplicate analysis. Error bars represent 95% CI.
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[0036] FIG. 7A shows the effect of BSA treatment on low-dose cellulase (2 FPU=3 mg
protein/g glucan) hydrolysis of mixed hardwood pretreated at various conditions (see Table 1
for pretreatment conditions corresponding to each number). Low-dose cellulase hydrolysis
yields (with or without BSA) are plotted against high-dose cellulose hydrolysis yields without
BSA for each corresponding pretreatment condition. Data are average of triplicate analysis.
Error bars represent 95% CI.

[0037] FIG. 7B shows the effect of varying ratio of cellulase to total proteins
(BSA+cellulase) on hydrolysis of pretreated, hot-water washed mixed hardwood (sample 9 in

Table 1). Data is average of triplicate analysis. Error bars represent 95% CI.
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DETAILED DESCRIPTION

[0038] For the purposes of promoting an understanding of the principles of the present
disclosure, reference will now be made to the embodiments illustrated in the drawings, and
specific language will be used to describe the same. It will nevertheless be understood that no
limitation of the scope of this disclosure is thereby intended.

[0039] In response to the unmet need, a method is disclosed herein that improves
ethanol production from biomass sources by blocking cellulose from binding to lignin. To
demonstrate the principles described herein, a common feedstock was pretreated at various
severities to examine the changes of substrate characteristics and their attributes to the ease of
hydrolysis. This enables investigation of the physicochemical changes of lignocellulose during
liquid hot water pretreatment at varying conditions and determine the appropriate pretreatment
conditions for efficient cellulose conversion by enzymes. Understanding lignocelluloses’
structural and physicochemical changes during pretreatment and their effects on efficiency of
enzymatic conversion of lignocellulose is critical for development of robust and cost-effect
pretreatment technologies.

[0040] As disclosed herein, liquid hot water pretreatment improves enzymatic
digestibility of lignocelinlose by solubilizing hemicellolose which consequently opens up pores
accessible by enzymes. However, complete removal of hemicellulose alone did not goarantee
an efficient cellulose hydrolysis. Lignocellulosic materials must undergo structural and physical
changes during the Hquid hot water pretreatraent to result in pretreated cellulose that is less
recalcitrant to cellulase-catalyzed hydrolysis. Such substrate characteristics of mixed hardwood
that were altered during liquid hot water pretreatment involved porosity (internal surface area),
particle size (external surface area), and cellulose BP. Enzyme accessible pores and internal
surface area are major yield-determining factors for the hydrolysis of pretreated mixed
hardwood solids obtained from single stage pretreatments. Pretreatment at high temperature
above 180°C is beneficial as it creates more cellulase-accessible pores than pretreatment ata
lower temperature of an equivalent severity factor. When pretreatment is carried owt in multiple
stages in order to solubilize and preserve the majority of hemicellulose as xylo-oligosaccharides
without caasing significant sugar degradation, enzyme accessible porosity or internal surface
area is no longer a limiting factor that determines yields. For the nmlti-stage pretreated solids,
external surface readily accessible by cellulases as well as cellulose DP played a major role in
determining the ease of hydrolysis while internal porosity stays relatively constant over a wide
range of pretreatment conditions.

[0041] High temperature pretreatments at above 200°C either as a single or multi-

stage pretreatments are needed to achieve efficient cellulose hydrolysis by generating
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cellulose substrates with increased  external and internal surface area accessible by

enzymes and low cellulose DP, all of which are favorable characteristics for overcoming
recalcitrance of lignocellulose to enzymatic hydrolysis.

[0042] fnhibition by lignin remaining in pretreated wood that binds proteins in
non-specific manner and which basically immobilizes cellulases away from the cellulose
substrate, are major hurdles for cost-efficient hydrolysis of cellolose when a low-dose

cellulase (3 myg protein/g celhulose) was applied. The presence of lignin restricts the

amount of available cellulase for cellulose hydrolysis. The negative impact of lignin on
cellulase intensifies as the cellulase loading approaches an economically-attractive level.

Since hydrothermal pretreatments, such as  liquid hot water, steam explosion, and dilate-

acid pretreatments, retain the majority of initial Hgnin in the pretreated solids and release
soluble phenolic compounds during the process, itis critical to develop strategies to

mitigate the inhibitory effects of lignin and soluble phenolics to ensure robust and

economic enzymatic conversion of cellulose.

[0043] As further described below, it is shown that the key requisites for the efficient
hydrolysis of liguid hot-water pretreated lignocellulose inchude: 1) extensive solubilization of
hemicellulose while minimizing sugar loss to degradation; 2) separation and washing of
pretreated solids to eliminate inhibition by soluble sugar-oligomers and phenolic compounds
released during pretreatments; 3) pretreatment conditions severe enovugh to cause substantial
changes in substrate characteristics favorable for enzymatic hydrolysis, sach as high internal and
external surface area accessible by  enzymes and low cellulose DP; 4) minimization of
interaction of cellulase proteins with hignin retained in pretreated lignoceliulose.

[0044] To demonstrate the principles described herein, the correlation between
enzymatic digestibility and changes in substrate characteristics of the pretreated wood as
measured by various analytical assays and methods is described in an Example. Among the
number of ditferent substrate charactenistics associated with  lignocellulose recalcitrance to
enzyme hydrolysis, we measured cellulose porosity and enzyme  accessible surlaces, cellulose
particle size, and cellulose DP, which are major yield-determining factors. Crystallinity was not
considered in this disclosure as it has been shown in many studies that there is no direct etfect
on the efficiency of enzymatic hydrolysis of lignocellulose. In addition, liguid hot water or
dilute acid pretreatments increases crystallinity of cellulose as hemicellulose and some of lignin
are solubilized during the pretreatment affecting the crystallinity measurement. This makes it
complicated and difficult to relate the crystallinity with the ease of enzymatic hydrolysis.
Lignin inhibition on hydrolysis is discussed as well and the effect of blocking lignin interaction

with cellulase on hydrolysis at low enzyme dose is also reported.
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[0045] As further disclosed herein, in one embodiment a method for improving
enzymatic digestibility of lignocellulose is presented. The method includes pretreating a
lignocellulose feedstock and solubilizing hemicellulose in the lignocellulose feedstock. In
another aspect, the lignocellulose feedstock has a composition of about 30 to about 60%
cellulose, about 20 to about 40% hemicellulose, about 15 to about 30% lignin, with the balance
extractives and ash to give a total of 100%. In yet another aspect, the method includes further
includes separating and washing pretreated solids to thereby eliminate inhibition by soluble
sugar-oligomers and phenolic compounds released during pretreating. In yet another aspect, the
washing step further includes using water of between about 0.5 to about 15 times the weight of
the biomass. In yet another aspect, the water is recycled water. In yet another aspect, the
method further includes using distillation column bottoms.

[0046] In yet another aspect, the washing step is conducted at room temperature. In yet
another aspect, the washing step is conducted at temperatures up to 100°C. In yet another
aspect, the method further includes pressure washing at temperatures up to 140°C.

[0047] In yet another aspect, the washing step is carried out in at least two stages. In yet
another aspect, the washing step further includes first using at a temperature of between about
50°C and about 100°C followed by water at 15 to 50 C.

[0048] In yet another aspect, the washing is carried out in a plurality of stages, wherein
the washed solids from one stage is contacted counter-currently with wash water from a
previous stage. In yet another aspect, the pretreating step includes a single-stage pretreatment.
In yet another aspect, the pretreating step is conducted at temperatures above 140°C.

[0049] In yet another aspect, the pretreating step comprises a two-stage pretreatment. In
yet another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step is conducted at temperatures above 180°C. In yet another aspect, the
first pretreating step is conducted at temperatures above 140°C and the second pretreating step
is conducted at temperatures above 190°C. In yet another aspect, the first pretreating step is
conducted at temperatures above 140°C and the second pretreating step is conducted at
temperatures above 195°C. In yet another aspect, the first pretreating step is conducted at
temperatures above 140°C and the second pretreating step is conducted at temperatures above
200°C. In yet another aspect, the first pretreating step is conducted at temperatures above
140°C and the second pretreating step is conducted at temperatures above 205°C. In yet
another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step is conducted at temperatures above 210°C.

[0050] In yet another aspect, the pretreating step includes a three-stage pretreatment. In
yet another aspect, the first pretreating step is conducted at temperatures above 140°C and the

second pretreating step and third pretreating steps are conducted at temperatures above 180°C.
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[0051] In yet another aspect, the pretreating step comprises a multi-stage pretreatment.
In yet another aspect, the first pretreating step is conducted at temperatures above 140°C and

the subsequent pretreating steps are conducted at temperatures above 210°C.

[0052] In yet another aspect, the method further includes solubilizing at least half of the
hemicellulose as xylo-oligosaccharides. In yet another aspect, the method also includes
keeping the slurry under pressure to keep the water in a liquid state. The cellulose loading is
between about 0.5 to about 40 FPU per gram glucan.

[0053] In yet another aspect, the method also includes blocking the lignin from binding
with cellulose proteins with a non-specific binding protein. The pretreated solids are washed
with 1 to 20 volumes of water per volume lignocellulose. In yet another aspect, the non-
specific binding protein is bovine serum albumin (BSA). In yet another aspect, the pretreating
step is conducted at a temperature of above 180°C.

[0054] In yet another aspect, the lignocellulose feedstock includes any one of or a
combination of hardwood, corn stover, wheat straw, switchgrass, sugarcane bagasse, sorghum
residues, corn pericarp, soybean hulls, soybean residue, hay, and/or softwoods.

[0055] In yet another embodiment, a method is presented that includes solubilizing
hemicellulose to thereby improve enzymatic digestibility of lignocellulose. The solubilizing
step is accomplished by liquid hot water pretreatment. In yet another aspect, the liquid hot
water pretreatment is carried at temperatures above 180°C. In yet another aspect, the liquid hot
water pretreatment is carried out in multiple stages, such that the majority of hemicelluloses are
preserved as xylo-oligosaccharides. In yet another aspect, the liquid hot water pretreatment
comprises a single-stage pretreatment. In yet another aspect, the liquid hot water pretreatment
is conducted at temperatures above 180°C.

[0056] In yet another aspect, the liquid hot water pretreatment comprises a two-stage
pretreatment. In yet another aspect, the first pretreating step is conducted at temperatures above
140°C and the second pretreating step is conducted at temperatures above 180°C. In yet
another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step is conducted at temperatures above 190°C. In yet another aspect, the
first pretreating step is conducted at temperatures above 140°C and the second pretreating step
is conducted at temperatures above 195°C. In yet another aspect, the first pretreating step is
conducted at temperatures above 140°C and the second pretreating step is conducted at
temperatures above 200°C. In yet another aspect, the first pretreating step is conducted at
temperatures above 140°C and the second pretreating step is conducted at temperatures above
205°C. In yet another aspect, the first pretreating step is conducted at temperatures above

140°C and the second pretreating step is conducted at temperatures above 210°C.
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[0057] In yet another aspect, the pretreating step includes a three-stage pretreatment. In
yet another aspect, the first pretreating step is conducted at temperatures above 140°C and the
second pretreating step and third pretreating steps are conducted at temperatures above 180°C.
[0058] In yet another aspect, the pretreating step comprises a multi-stage pretreatment.
In yet another aspect, the first pretreating step is conducted at temperatures above 140°C and
the subsequent pretreating steps are conducted at temperatures above 210°C.

[0059] In yet another aspect, the method further includes solubilizing at least half of the
hemicellulose as xylo-oligosaccharides. In yet another aspect, the method further includes
keeping the slurry under pressure to keep the water in a liquid state.

[0060] In yet another aspect, the method also includes a cellulase enzyme loading,
wherein the cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan after the
pretreatment is complete and temperature is reduced to below 70°C. In yet another aspect, the
method also includes a cellulase enzyme loading, wherein the cellulose enzyme loading is about
0.5 to about 20 FPU per gram glucan after the pretreatment is complete and temperature is
reduced to below 60°C. In yet another aspect, the method also includes a cellulase enzyme
loading, wherein the cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan
after the pretreatment is complete and temperature is reduced to below 50°C.

[0061] In yet another aspect, the method also includes blocking the lignin from binding
with cellulose proteins with a non-specific binding protein. In yet another aspect, the non-

specific binding protein is bovine serum albumin (BSA).

[0062] EXAMPLE:

[0063] Materials and Methods:

[0064] Materials:

[0065] Hammer-milled mixed hardwood pin chips {average size of length and thickness

of 0.5 x 8.1 em) were provided by Mascoma Corporation (Lebanon, NH). Avicel PH101 and
Solka Floe® 300FCC was purchased from Sigma- Aldrich (8t. Louis, MO) and International
Fiber Corporation (Urbana, Ohio), respectively. Spezyme CP (50 FPU/mlL., 82 mg protein/mi.,
specific activity: .61 FPU/mg protein} was provided by Genencor, a Danisco Division (Palo
Alto, CA). Novozym 188 (780 CBU/mL, 152 mg protein/mL) was purchased from Sigma {Cat.

No. C6150). Celtic 1™

Ctec 2 (120 FPU/mL, 190 mg protein/mL., specific activity: 8.63
FPU/mg protein) was donated from Novozyme, North America Inc. (Franklinton, NC). Protein
concentration of enzyme was determined by total nitrogen analysis after trichloroacetic acid
(TCA) precipitation as described by Hames (1981). Al other reagents and chemicals, unless

otherwise noted, were purchased from Sigma-Aldrich (St. Louis, MO).
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[0066] Compositional Analysis:

[0067] Composition of biomass solids was determined by NREL (National Renewable
Energy Laboratory) LAP standard analytical procedures {21-23]. Analyzed components were
glucan, xylan/galactan, arabinan, lignin, ash, and acetyl. The liquid {raction of the pretreated
lignocellulose was analyzed for soluble mono-and oligosaccharides using LAP 014 [24]. Sugars
were analyzed by HPLC as described below. Al measurements were made in triplicate.

[0068] Pretreatment:

[0069] Conditions and apparatus for liquid hot water (LHW) pretreatment, as
samiarized by Kim et al. [1] were applied herein to pretreat the maple feedstock. Reactions
were conducted in 1 in. OD x 0.083 in. {(2.54 cm x 2.1 mum) wall thickness, 316 stainless steel
tubing capped at either end with 1 in. (2.54 cm) Swagelok tube end fittings (Swagelok,
Indianapolis, IN). Each tube was 4.5 in. (11.4 cmy) in length and 45 ml in total volume. The
sample volume was kept at 33.7 mL to give approximately 25% of head space for ligquid
expansion during heating to a target temperature. The agqueous pretreatment of mixed hardwood
pinchips included mixing the substrate with DI water at 15% sohds loading (w/w, g dry solids
per g total) and pre-heating at 140°C for 10 min, followed by heating at teraperatures between
140 and 230°C for 5 min to 19 hrincluding 5 min heat-up time. Pretreatment was done as a
single-stage pretreatment or as two- or three-stage pretreatments. For multi-stage pretreatments,
preireated  starry from the previous stage was filtered and hot-water washed prior to the next
pretreatment. Only the solid fraction was carried over to the subsequent pretreatment.

Pretreatment conditions disclosed herein corresponded to severity factor (Log R from 4.12 to

o . R \ . A 0
4.81 and summarized in Table 1. Pre-heat and pretreatment runs were all carried out in Tecs ®
SBL-1 fluidized sand baths {(Cole-Parmer, Vernon Hills, 1L} set to a target temperature. During

the pretreatment, the slurry  was under pressure in order to keep the water in a liquid state.
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Tabde 1. Preweatment conditions {temperatore aud time) of mixed hardwood pii chips,
Sybol Substrate Temperatre Time 5}8\»'81‘3!}5
{log Ro)
A UT Univeated, piuchips nia na
8 A Aviced PHIGL 4 A
. SF Solka Filoc nia na
1 | Pretreated pinchips (1-8T PT) 140°C/19 he $.24
2 | Preweated pinchips (1-ST PT) 160°C/S Iy 4.24
3 | Pretreated puchips (1-8T PTY IRPCYY She 424
4 | Preweated pinchips (1-8T PTY 200°C{0.33 hy 4.24
§ | Pretrested pinchips (3-8ST PT) éi%é‘?ﬂﬁiéig g{: 412
papeeyes ERNIER
6 | Premeated pinchips (2-8T PT) éfg f ;‘g ;;}:1):: g{gf“" g?) 459
\ 4 180°C20 min {17 PT)
7 | Pretreated pinchips (3-ST PT) 23070 Smin 2™ PT) 4.8%
210°CI30 min (3% PTY
180 /20 min (1Y P
8 | Pretresied pinchips (3-53T PT) 210 °CS wmin (3% PT) 4,81
220 018 min (3 PTY
1RO 9020 min (17 PTY
S | Pretreated pinchips (3-ST PT) 210 °C4S min (2% PT) 4.5
230 7.8 pain (3M PT)

[0070] After each pretreatment, the reactor tube containing the wood chip shurry was

cooled by quenching in water for 10 min. The pretreated shurry was vacuum filtered using

\Nhatman® No 1 filter paper to recover Hquid and solid fractions for further analysis. Post-
pretreatment washing of the pretreated solids was done as follows. The pretreated solids were
mixed in 80-90°C (hot) de-ionized water at 3% w/w dry solids. After 10 min of mixing, the
slurry was filtered through a Whatman No. 1 filter paper. Pretreated, hot washed solids,
pretreatment liguids and washates from each pretreatment were collected and analyzed for
compositions as described above. Al pretreatments were carried out in triplicate.

[0071] Enzymatic Hydrolysis:

[0072] High enzyme dose (20 FPU/g glucan): Untreated, pretreated solids of various
severity factors, and pure cellulose (Avicel PHIO1 and Solka Floc) were enzymatically
hydrolyzed by 20 FPU Cellic Ctec 2 per g glucan {= 32 mg protein/g glucan) for 72 by, Upon
completion of the hydrolysis, the hydrolysate was boiled for 10 min to deactivate the enzymes.
[0073] Low enzyme dose (2 FPU/g glucan): Untreated, pretreated solids, and pure
cellulose with or without bovine serum albumin (BSA) pre-incubation was hydrolyzed by 2
FPU Spezyme CP (=3 mg protein/g glucan) and 10 CBYU Novozym 188 (equivalent to 2 mg
protein) per g ghican for 168 hr. BSA treatment procedure is described in section 2.6.

[0074] Varying enzyme dose with BSA: Pretreated, hot-washed solids sample 9 in

Table 1 was hydrolyzed at varying total protein loadings (10-100 mg total proteins/g glucan)
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that combine BSA and cellulase. The amount of Spezyme CP was varied at each fixed total
protein loading to give various ratio of celiulase to total proteins. Novozym 188 was added at 10
CBU/g glucan in all experiments. Hydrolysis was carried out for 168 hr.

[0075] Al hydrolysis runs were carried out in triplicate at 1% w/v glhican loading, pH
4.8 10 5.0, 50°C and 200 rpm, in an incubator-shaker. Samples were taken at the end of
hydrolysis for analysis by HPLC. Error bars represent 95% Cl of a mean.

[0076] Simon’'s Stain:

[0077] Simon’s staining of lignocellulose was performed as described by Chandra et al.
[25].
[0078] The concentrations of orange dye (B0O) and blue dye (DB) in the supernatant

from the centrifuge tube (CO, CB) were determined by solving the following two equations (1)
and (2) (Lambert-Beer law for a binary mixture) simultaneously:
Ayssnm = €o/a55LCo + €pa55LCp (D

Ae2anm = €0/624LCo + €p624LCh 2

where Ayssyms Aszanm: absorbance of the mixture at 455,624 nm; o extinction coefficient of each
component at the respective wave length (mL/mg cm); L: 1 em {cuvette width); C: concentration
{mg/mi.}. The extinction coetficients were determined by preparing standard curves of each dye
and measuring the slope of their absorbance at 455 and 624 nm. The extinction coefficient, ¢,
for high molecular weight orange dye was 531.5 at 455 nm and $.243 at 624 nm. K was 2.62 and
14.5, respectively, for blue dve. All measurements were made in triplicate.

[0079] Cellulase and BSA Adsorption:

[0080] A coramercial cellulase (Spezyme CP) or BSA was added to 2.5 ¢/l glucan of
untreated, pretreated, and pure cellulose solution in pH 4.8 50 mM sodium citrate buffer at 150
mg protein/g glucan, and incubated for 1 hr at 25°C, 100 rpm in a reciprocating shaking
incubator. The mixture was centrifuged at 10,000 rpm for 5 min and the protein concentration
in the supernatant was measured using a Pierce BCA Protein Assay kit {Thermo Scientific,
Rockiord, IL, Product No. 23225). Enzyme and BSA blanks were prepared without addition of
cellulose samples. Substrate blanks included substrate and buffer only. The amount of protein
adsorbed was calculated as the difference between the added amount of protein and the protein
remaining in the supernatant after the incubation taking into account the absorbance contribution
by the substrate controls. Al measurements were made in triplicate.

[0081] Average Degree of Polvmerization (DP) of Cellulose:

[0082] Cellulose DP was estimated from intrinsic viscosity of holoceliulose samples.
First, holocellulose samples were prepared as described in Hubbell and Ragauskas [26]. An
aliguot of 2.5 g {o.d. wt) air-dried hignocellulose was dispersed into 200mL DI water. Then, 1.5
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ml. of glacial acetic acid and 1.5 g of sodium chlorite (1.5 g) were added to the mixture. The
mixture was heated in the shaking water bath at 70°C for 2 hr. Every 2 tu, 1.5 mb of fresh
acetic acid and 1.5 g of sodium chlorite were introduced for 6 hir. After 6 hr, the solid residue
{holocellulose) was filtered out using a glass fiber filter and washed thoroughly with deionized
water until the filtrate pH was neutral. The recovered holocellnlose was air-dried and raoisture
content was measured. Intrinsic viscosity of the air-dried holocellulose was determined
according to ASTM D795 [27] using a Canon-Fenske glass capillary viscometer. Cellulose
DP was then estimated  based on the measured intrinsic viscosity of holocellulose by the
following equation (3):

1.65-[1]]—116-H)1'11

e = (5t

3)

where [5] is the intrinsic viscosity {cm™/g) of holocellulose and H and G are the mass fractions
of hemicellulose and ghican in the lignin containing sample, respectively. All measurements
were made in triplicate.

[0083] Wet Particle Size Determination:

[0084] Average particle size of wet pretreated and untreated pin chips was determined by
sieving the material through mesh screens ranging from mesh size 2 (opening size 6 mm) to
size 88 (0.04 mm). The sieving was carried out in water to keep the material wet., Wet solids
collected on each sieve was recovered and dried in 105°C oven overnight and dry weight was
measured. The average particle size was calculated according to Equation (4):

Yapdy - wt(dy)% (4)

[0085] where d, is average particle diameter [cm] calculated as (sieve opening size, top-
sieve opening size, below)/2 and wt (d,}% is weight percentage of particles size of d,. All
measurements were made in duphicate.

[0086] TAPPI Useful Method UM 256 [29] was performed to determine water retention
value of samples. A sample comparable to 1 g oven dry {o0.d.} weight of never dried material
was mixed in 100 mL DI water, filtered, and centrifuged at 900 x g for 30 min at 24°C,
followed by 105°C oven drying for 3 hr. The water retentuon value is defined as below in
Equation (5}

wt of water retained in the sampe after centrifugation

WRV = , (5)
oven—dried wt of the sample
[0087] All measurements were made in triplicate.
[0088] HPLC:
[0089] Hydrolysis samples were analyzed by Bio-Rad Aminex HPX-87H ion exchange

column (300 mm x 7.8 mm, Bio-Rad Laboratories Inc., Hercules, CA) connected to a Milton
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Roy mint pump {(Milton Roy Co., Ivyland, PA), Waters ™ 717 plus autosampler, and
‘Wat.ersTM 2414 refractive index detector (Waters Corp., Milford, MA). The data was stored

and processed using EmpowerTM 2 Chromatography Data Software (Waters Corp., Milford,
MA). The mobile phase was 5 mM sulfuric acid in distilled, de-ionized water filtered to 0.2 um.
The mobile phase flow rate was (.6 mL/min. The column temperature was maintained at 60°C
by an Eppendort CH-30 Colomn Heater controlled by an Eppendort TC-30 (Eppendorf,
Westbury, NY).

[0090] RESULTS AND DISCUSSION:
[0091] Xvlan Content Change in LHW Pretreated Mixed Hardwood:
[0092] We have shown that significant variability in hydrolysis vields exist among the

materials pretreated at the same severity factor and glucose yields are correlated better with
prefreatment temperature than with pretreatment severity [6]. Also, we found that the
enzymatic digestibility greatly varied even among the pretreated materials with the same extent
of hemicellulose removal (see Figure 4(B) in reference [6]). Hemicelhdose removal is one of the
major factors that contributes to the enhanced cellulose digestibility of liquid hot water
pretreated lignocelluloses [1-3]. However, it is apparent that there are physicochemical changes
other than xylan removal that directly affect the glucose yields during the hydrolysis of liguid hot
water pretreated cellulose.

[0093] As also reported herein, we examined the selected pretreated mixed hardwood
solids to study the key physicochemical characteristics of the substrates that directly affect
cellulose hydrolysis. Out of the total 18 different pretreatment conditions conducted in Kim et
al. [6], 9 ditferent pretreatment conditions, which resulted in glucose yields ranging from 20 to
90%, were selected and analyzed for their changes in substrate characteristics. The sample
designation and pretreatment conditions applied for these nine pretreated substrates are
summarized in Table 1. Avicel and Solka Floc were chosen as non-lignin containing cellulose
controls. Avicel was 100% cellulose and Solka Floc was 80% cellulose and 20% xylan as
measured by NREL s LAP compositional analysis. Compositions of raw mixed hardwood and
pretreated solids are summarized in Figure 1 in Kim et al. [6]. Glucose yields of the untreated,
pretreated mixed hardwood solids, and pure cellulose substrates were plotted against xylan
content of the substrates in FIG. 1. The untreated mixed hardwood with 17% xylan content
resulted in 8% glucose yield. The 1-stage pretreatment at 140 and 160°C for 19 hr and 5 br (Log
RO = 4.24), respectively, solubilized 75-80% initial xylan, resulting in 7-8% xylan contents in
the pretreated, washed solids. Glucose yields were improved only nominally to 21-26%. The
pretreated, washed solids obtained at above 180°C at the same severity factor (3, 4 in FIG. 1)

contained no xylan and resulted in 36-61% glucose yields. Despite equivalent pretreatment
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severity and solubilization of all xylan, the pretreatment at 200°C produced material that was
significantly more hydrolysable than pretreated at 180°C. The pretreated, washed solids from the
multi-stage pretreatments also contained no measurable xylan, yet the glucose yields greatly
varied from 61 to 90%. Glacose yields of the untreated, non-lignin celhulose substrates, Avicel
and Solka Floc were 53 and 71%, respectively.

[0094] It is clearly demonstrated that the major effect of ligoid hot water pretreatment is
to solubilize and remove xylan from the lignocellolose which appears to improve cellulose
conversion of the pretreated materials. When there was remaining xylan in the pretreated solids,
a lower xylan content led to a higher cellulose hydrolysis. However, solubilization of all of the
xylan during the pretreatment did not necessarily correspond to any further increase in cellulose
conversion. Significant variability in glicose yields existed among the pretreated solids with no
measurable xylan content. Considering that the xylan removal is not the only factor atfecting
enzymatic hydrolysis of pretreated cellulose, these results prompted us to identify other
pretreatment-induced changes in substrate characteristics that can be better correlated to the
cellulose conversion yields. These characteristics of pretreated mixed hardwood solids and their

changes during the liquid hot water pretreatment at different conditions are discussed below.

[0095] Changes in Porosity and Cellulose Accessible Surface Area of LHW Pretreated
Mixed Hardwood:
[0096] Cellulose materials are porous substrates. Cellulase-accessible surface area is

cited as one of the most important substrate characteristics governing the ease of enzymatic
hydrolysis of lignocellulosic feedstocks, as shown by a good correlation between the cellulase-
accessible surface area and cellulose enzymatic hydrolysis yield [10, 13, 311

[0097] The physical accessible volume, surface area, or accessibility of cellulose o
enzymes can be measured by a couple of different methods. As summmarized by Wang et al.
[32], these methods can be grouped into two categories. One approach involves probing
molecuies of known molecalar weights and sizes to directly measure pore vohume or surface
area of a substrate accessible to those probing molecules. The other approach determines the
accessibility indirectly by measuring adsorption of compounds of known sizes on a
substrate.

[0098] As disclosed herein, both approaches can be applied to measure celhifose
accessibility to enzymes. The porosity and cellulase accessibility of untreated and pretreated
mixed hardwoods, as well as non-lignin cellulose controls were evaluated by water retention
value {WRV) measurement, Simon’s staining method, and adsorption by cellulase and
bovine serum albumin (BSA). Water retention value measures water binding and swelling
capacity of materials, which are related to materials’ pore characteristics [33]. Simons’ stain

(88) was performed to measure porosity and  surface area of pretreated materials. Cellulase
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adsorption determines the accessibility of cellulase to the pretreated materials. On the other
hand, BSA adsorption indicates the exposed surface area of lignin that can cause non-specific
binding with cellulases.

[0099] Waier Retention Value: Water retention value (WRV} is a measure of
substrate’s swelling using water molecules as probing compounds to indirectly determine the
porosity of a tested material. The major drawback of WRY measurement on determining
pore characteristics of a lignocellulose is that water molecules are much smaller than
cellulase enzymes, thus it fails  to precisely predict cellulase-accessible pores and surface
areas [32]. Also, it does not provide any information about pore size distribution of the
tested material. Therefore, the WRY should be applied as a comparative and relative
measure of swelling capacities of different substrates, not as a direct estimation of cellalase
accessible pores and surface area of a specific material.

[0100] Despite these limitations, many studies have shown a linear correlation
between WRYV and susceptibility of cellulose hydrolysis {7, 13, 34, 35].

[0101] WRVs of raw and pretreated mixed hardwoods were measured and plotted

against celulose hydrolysis yields in FIG. 2 to see if water uptake capacity (swelling

P

-

-apacity) varied among the materials and how it correlated to the observed hydrolysis yields
of cellulose. WRYV of raw, untreated mixed hardwood was the lowest among the tested
substrates as expected.

[0102] LHW pretreated clearly induced swelling of mixed hardwood. The pretreated,
washed solids gave 1.3-1.4 times higher WRYV than untreated wood. However, the swelling
capacities did not correlate linearly with cellulose conversion yields. WRVs increased linearly
with the corresponding glacose yield values only up to a certain point (WRV = 1.8) and
reached a plateau. Even for the materials that showed a linear correlation between WRY and
glucose yields, the differences in WRVs between these materials were too low to be regarded
as statistically significant. The results indicate that the pretreatments did not cause significant
variations in the measured WRVs {swelling)} despite the substantial variability in the pretreated
solids’ susceptibility to enzymatic hydrolysis.

[0103] Simon’s Saining: We applied Simon’s staining as an alternate approach to
better evaluate the porosity changes of mixed hardwood during pretreatments. Simon’s
staining is widely used as a measurement for assessing porosity of various lignocellulosic
feedstocks. Simon’s staining method is based on the competitive adsorption of two dyes of
different sizes and affinities for celluose {33]. High molecular weight orange dye (OD) has a
higher affinity for cellulose than blue dye (BD) and can penetrate large pores (5-36 nm). Blue
dye has a diameter of 1 nm and can only access small pores {33, 36]. Therefore, orange dye

populates large pores of a cellulosic material by displacing blue dye which has lower atfinity
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for cellulose, while small pores which are not accessible by orange dye are preferably
penetrated by blue dye molecules. By measuring the amount of these two dyes adsorbed to a
lignocellulosic material in an aqueous solution, porosity and distribution of large and small
pores of the substrate can be easily estimated.

[0104] The amount of total dye adsorbed defines the total surface area (porosity), both
internal and external. The total dye adsorbed indicates the changes in overall porosity of
materials while the ratio of orange to blue dye represents the distribution of large to small
pores of the measured total porosity. While the increase of total dye adsorbed indicates the
overall increase of porosity and surface area of the substrate, it does not necessarily represent
the pores or surface area that  are actually accessible by cellulase enzymes. It has been
established that the rate-limiting size of pores for effective hydrolysis of lignocellulosic
materials is 4-9 nm (average. 5.1 nm}, which is the size of cellulase enzymes {31, 37-39].
Therefore, cellulases can penetrate all of the pores that are accessible by the high molecular
weight orange dye molecules (5-36 nm) as they are larger than the size of cellulases (4-9 nm).
Although the Simon’s staining does not provide a complete pore size distribution of a
substrate, it gives a rough measurement of the cellulase-accessible pores and surface area.
Chandra et al. [33] developed a modified Simon’s staining technique and  the method has
shown a positive correlation between extent of hydrolysis and surface area in many studies
[13, 14, 40, 41}

[0105] FlIGs. 3A and 3B show the correlation between the measured dye adsorption by
Simon’s staining and cellulose hydrolysis yields. The amounts of orange dye and biue dye
adsorbed and the ratio  of orange dye to blue dye were measured and plotted against the
hydrolysis yields. Not surprisingly the amount of both orange and blue dyes adsorbed per unit
dry mass of sabstrate was the lowest for untreated mixed hardwood (FIG. 3A).
Consequently, the total dye adsorbed was also the lowest for the untreated material (FIG. 3B).
Pretreatment increased the amount of both dyes adsorbed only to a certain extent and there
was no further linear correlation between the dye adsorbed and cellulose hydrolysis yields.
The porosity (total surface area) of the mixed hardwood increased by up o 45% from 45 mg
1o 65 mg total dye/g dry substrate (FIG. 3B).

[0106] For the single stage pretreatments corresponding (o the pretreatment
temperatures of 140-180°C  at severity factor ot 4.24 (1, 2, and 3 in Figs. 3A and 3B), a
positive linear relation was tound between the dye adsorbed and enzymatic hydrolysis of the
prefreated solids. However, no clear statistically-significant correlation between the dye
adsorbed and hydrolysis yields was observed for the multi-stage pretreatments (4-9 in FIGs.
3A and 3B). The amount of orange dye adsorbed for pure celiulose controls, Avicel and

Solka Floc was in a similar range (36-38 mg orange dye/g dry mass) as that of pretreated
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wood chips. There was no significant difference in the amount of orange dye adsorbed
between Avicel and Solka Floc, yet the hydrolysis yields were substantially different.

[0107] Overall, relating the total surface area as represented by the amount of total dye
adsorbed with the extent of cellalose hydrolysis was mostly unsuccesstul as shown in FIG.
3B. There was still no clear correlation between dye adsorbed and cellulose hydrolyzability
when we only considered the amount of orange dye adsorbed which gives an estimate of
cellulase accessible pores and surface area.

[0108] The ratio of adsorbed orange dye to blue dye (1.e., OD:BD) is often regarded as
a better indicator of the enzyme-accessible surface area of cellulose than total dye adsorbed in
the Simon’s staining technique [14]. Studies have shown that a higher OD:BD ratio
corrgsponded to  a higher extent of cellulose hydrolysis for various feedstocks 113, 14, 401
Unexpectedly, however, we found no clear correlation between the OD:BD and cellolose
hydrolysis yields.

[0109] Contrary to other studies, the OD:BD decreased from 2.3 to 1.8 for the
pretreated solids as their yield-responses increased (FI1G. 3B).

[0110] The amount of each dye adsarbed needs to be considered when relating OD:BD
to the extent of cellulose hydrolysis. When a substrate exhibits a decreased OD:BD aftera
pretreatment, it does not necessarily equate to cellulase-accessible pores having decreased or
lower cellulose digestibility to enzymes. Hence correlating OB:BD with extent of cellulose
hiydrolysis should be interpreted in conjunction with both the amount of each dye and total dye
adsorbed. A substrate may undergo a pretreatment that results in a material with lower OD:BD
while exhibiting increased cellulase-accessible pores (increased amount of orange dye
adsorbed) and susceptihility to cellulases. Such an example can be found when comparing the
untreated wood chips and pretreated solids #5 in FIG. 3A. The amount of orange dye
adsorbed for the sample § was 42 mg/g which was 31% higher than for the untreated substrate.
This means that more cellulase-penetrable surface area is generated by the pretreatiment.
However, the pretreatment also increased small pores which are not accessible by cellulases as
indicated by the amount of blue dye adsorbed. The increase of small pore caused by the
prefreatment was greater {(by 71%, from 14 mg to 24 mg per dry mass) than the increase of
large pores as measured by orange dye (by 31%, from 32 to 42 mg per dry mass). As a result,
the pretreated solids sample 5 resuited in a lower ODNBD (42 mg/24 mg = 1.75) than the
untreated (32 mg/14 mg = 2.3), while its ease of hydrolysis was improved roughly by 10 times
{from 7% to 61% glucose yield).

[0111] Cellulase and BSA Adsorption: Another way to access the cellulase-accessible
surface area is to determine cellulase adsorption capacity of a substrate by incubating the

substrate with a  known amount of cellulase proteins. Other authors have shown a good

21



WO 2016/111830 PCT/US2015/066669

correlation between enzymatic digestibilities of lignocellulosic substrates with cellulase
adsorption capacities [10, 11, 321

[0112] A correlation between the cellulase accessible pores {(or surface area) and
cellulose digestibility to cellulase was determined by relating adsorbed cellulase enzymes with
cellulose hydrolysis yields in Fiz. 4A. Both mixed hardwood and non-lignin cellulose
samples were incubated with an excess amount of Spezyme CP (150 mg protein/g glucan) for
an hour at 25°C and the protein in the supernatant was measured to calculate the amount of
cellulase adsorbed.

[0113] The amount of cellulase adsorbed for untreated mixed hardwood was 13 mg
protein/g dry mass, which was the lowest among the samples. Pretreatment increased the
cellulase adsorption as much as 2.2 times (28 mg protein/g dry mass). Again, a positive linear
relationship was found between the cellulase adsorption and celladose digestibility {or the
prefreatment samples # 1 to 3. For the other pretreated samples, there was no correlation
between the cellulase adsorption and hydrolysis yields. The amount of Spezyme CP adsorbed
reached the maximum at 26-28 mg per unit dry biomass for these pretreated samples as well as
for Avicel. Solka Floc resulted in a lower amount of cellulase adsorbed (19 mg) than Avicel.
Solka Floc has 20% hemicelulose in it vs. Avicel at 0%. Although average particle size of
Solka Floc is smaller than Avicel (22 micron vs. 30 micron {64}, the higher hemicellulose of
Solka Hloc likely leads to the lower adsorption.

[0114] Al samples except for the non-Hgnin cellulose controls (Avicel, Solka Hoc)
contain lignin to which celhidase can unproductively bind. The surface area specific to the
unproductive binding of lignin to cellulase was estimated by incubating the samples with a
non-specific binding protein, bovine serum albumin (BSA) at pH 4.8. BSA is known to block
the non- productive binding of cellulose and improve enzymatic hydrolysis of cellulose [42].
BSA adsorption was plotted against cellalose digestibility in FIG. 4B. BSA did not bind to
cellulose as indicated from the Avicel and Solka Floc in FIG. 4B. Untreated, raw mixed
hardwood exhibited a very low (2 mg/g) BSA binding capacity. {n comparison, pretreatment
increased the amount of BSA binding up to 15 mg/g which was almost 7 times higher than that
of the ontreated mixed hardwood. Similar to the cellalase adsorption, a positive linear
correlation between BSA and cellulose hydrolyzability was only found for the saroples 1-4
and the BSA adsorption for the other pretreated solids was constant at 13-14 mg/g while the
cellulose hydrolyzability varied significantly.

[0115] Consistent with the Simon’s staining resulis, both cellulase and B5SA adsorption
exhibited a limited positive relationship with the ease of enzymatic cellalose hydrolysis. The

cellulase-accessible surface area seemed to be in a close range for the pretreated solids with no
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measurable hemicellulose content (samples 4-9). Yet, the extent of enzymatic susceptihility of
these pretreated solids was widely varied.

[0116] The results from WRYV, Simon’s staining, and protein adsorption indicate that
liquid hot water pretreatment induces an increase of both total and cellulase aceessible area as
measured by these techniques, which corresponds to an enhanced cellulose digestibility to
cellulases. We also found that the severity of liquid hot water pretreatment alone does not
clearly relate to enzyme-accessible pores or surface area. This was clearly shown for the
single stage pretreated samples, 1 through 4, all of which were prepared at the same
pretreatment severity (Log Ry = 4.24). At the same severity, a higher temperature created
maore pores and surface area penetrable by cellulases than a lower temperatare pretreatment,
resulting in a greater extent of cellulose hydrolysis by cellulases. When pretreatment was
severe enough to solubilize all hemicelluloses and the resulting pretreated substrates are highly
digestible by enzymes resulting in greater than 60% glucose yield with 20 FPU/g cellulose (32
mg/g), there were no obvioas changes in porosity and cellulase-accessible area, yvet the
cellulose hydrolysis yields still differed significantly ranging between 60 to Y0%. Our results
suggest that enzyme-accessible surface area or porosity is a major yield-determining factor
only for pretreated samples that still retain hemicellulose and exhibit relatively Jow enzymatic
digestibilities. We {ind that the porosity is  not the only factor that Hmits cellalose digestibility.
Other substrate characteristics become  vield-determining factors when Hiquid hot water
prefreatment conditions are severe enough to  solubilize the majority of hemicellulose and the
resulting pretreated solids exhibit a relatively high digestibility by enzymes (> 60% yield as
measured using 20 FPU/g glucan cellalase).

[0117] Similarly, {shizawa et al. [43] also found no significant correlation between
substrate porosity and digestibility of cellulose in dilute-acid pretreated corn stover generated

under varying pretreatment severities. They applied both soluate exclusion method using a

cellulase-sized molecule (5 nm) and 1H NMR thermoporometry to determine porosity and
sarface area accessibly by cellulases for the acid-pretreated corn stover. Consistent with our
data, they found the biggest difference in the enzyme-penetrable pore volume occurs hetween
unireated and pretreated corn stover. They failed to find significant differences in enzyme
accessible pore volumes among the pretreated samples once the pretreated corn stover solids
became highly digestible (> 72% vield as measured with 20 mg protein/g cellalose of

Spezyme CP after 7 days of simultancous saccharification and fermentation).

[0118] Change in Particle Size (External Surface Area) of LHW Pretreated Mixed
Hardwood:
[0119] Numerous studies have investigated the influence of particle size of

lignoceilulose on cellajose hydrolysis and indicated that particle size, absent other
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pretreatment, 15 a weak  predictor of cellulose’s susceptibility to enzymatic hydrolysis |8, 44,
45]. This suggests that reducing particle size of lignocelulose through mechanica
pretreatment is insufficient to induce  an efficient cellulose hydrolysis [45]. Studies have
mainly focused on relating particle size of substrate with cellulose hydrolysis efficiencies.
There has been no literature that clearly shows how particle size changes during hydrotherma
pretreatments under different conditions and its  effect on enzymatic susceptibility of the
pretreated cellalose.

[0120] A smaller average particle size results in an increased external surface area
where enzyme can readily act on. Thus, it could be expected that a correlation might exist
hetween particle size and enzymatic hydrolysis of pretreated cellulose. Several studies have
found a correlation between particle size and cellulose hiydrolysis rates while the other studies
found no clear relationship. For example, Arantes and Saddler et al. [14] reported that the
exterior surface of lignocellulosic materials {com stover, douglas fir, lodgepole pine, hybrid
poplar) pretreated  either by steam explosion or ethanol organosolv, did not influence the
minimum requirement of enzymes for the effective enzymatic digestibility of the pretreated
materials, while the total surface area measured by Simon’s staining technique showed a clear
positive correlation. They concluded that, based on their results, the hydrolysis of cellulose
fibers occurs through cellulases penstrating large internal pores of cellulose materials causing
disaggregation and fragmentation, rather than through an eroding or shaving action of
cellulose surface by enzymes. Wang et al. [32] also suggested that the external surface
contributes to cellulose hydrolysis much less than internal surface area. On the other hand,
other studies provided evidence that support the importance of external surface area to
cellulose digestion {18, 31]. Laivins and Scallan [46] have shown that fines have a higher
pore volame than the other fiber fractions, with a linear correlation shown between fines
content and the pore volume of mechanical pulp.

[0121] The porosity and cellulose-accessible surface area as measured by dye
technigue and protein adsorption may represent the combination of both external and internal
total enzyme accessible area. On the other hand, particle size is an indicator of external
surface area and it does not necessarily correlate with total enzyme accessible surface area.
Two particles of different diameter and external surface area may display the same total
cellulose-accessible surface area as determined by dye or protein adsorption discussed earlier.
Not knowing how the external surface area of pretreated cellulose impacts the enzymatic
digestibility makes it difficult to gauge the relative importance of internal (pores) versus
external surface area on the efficiency of celiulose hydrolysis.

[0122] Average particle diameter of pretreated wood chips and raw mixed hardwood

was measured and plotted against hydrolysis yields in FIG. 5. The particle size measurement
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using metal wired sieves was carried out while keeping the samples wet in water to prevent
the materials from drying and shrinking. The average pasticle size of untreated mixed
hardwood chips was 4.2 mm. Pretreatment reduced the average particle diameter by 33-70%
depending on the severity of pretreatment. The differences in average particle size were
negligible (2.9-3.1 nun) among the single-stage pretreated solids, sampies 1-4, as shown in
FG. 5. The pretreated  solids from the multi-stage pretreatments were greatly reduced in size
(> 50%) as compared to untreated and single-stage pretreated wood. Unlike the porosity
measurements, which did not show any relationship with the cellulose enzymatic digestibility,
a linear negative correlation was  found between the particle size (external surface area) and
glucose yield response of the cellulose hydrolysis for the pretreated solids with no measurable
amount of xylan (samples 4-9). A smaller particle size of pretreated solids, which corresponds
to a greater external surface area, led to enhanced cellulose hydrolysis yields. The amount of
fines which are less than 0.3 mm diameter increased from 4.6% to 14% of the total mass for
untreated solids compared to pretreated solids 9. More than 50% of the total untreated mixed
hardwood had a diameter greater than 6 mm, while it was only 4% for the pretreated solids 9.
[0123] The results demonstrate that liguid hot water pretreatment disintegrates
lignocellulose and reduces its average particle size. Increasing temperature up to 200°C ina
single-stage pretreatment did not induce much difference in average particle size {external
surface area) among the samples. Yet, the porosity and celulase-accessible surface area as
measured by dye and protein adsorption increased significantly among these samples (1-4),
with higher pretreatment severity resulting in more enzyme-accessible surface area thana
lower severity.

[0124] This indicates that, for the single-stage pretreated solids (samples 1-4), porosity
and internal surface area penetrable by enzymes play a major role in controlling cellulose
hydrolysis as demonstrated in Flizs. 3A, 3B, 4A and 48. External surface area has limited
confribution to the cellajose hydrolysis efficiency of these samples that had been sabject to
single stage pretreatment.

[0125] Unce all of the initial hemicellulose is solubilized during the first pretreatment,
subsequent pretreatments at high temperatare above 210°C significantly reduce the particle size
of lignocellulose. The pretreated solids from the multi-stage pretreatments (samples 4-9)
exhibited similar total enzyme-accessible surface area (based on pore volume) as shown in
FiGs. 3A, 3B, 4A and 4B. while the external surface area was substantially different among
these substrates. A higher combined severity of multi-stage pretreatments generated a smaller
average particle size and a  greater external surface area of the pretreated cellulose. The
external surface area of the mulii- stage pretreated cellulose showed g divect relationship with

the ease of cellulose hydrolysis.
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[0126] These results indicate that exiernal surface area readily accessible by enzymes
bhecomes the yield-controlling factor of cellulose hydrolysis when pretreatment is severe
enough to solubilize all hemicellulose.

[0127] High temperatare (220°C) dihute-acid pretreatment generated particles that
were much smaller and hence have more external surface area relative to pretreatments at
180-200°C. The greater external surface area of high temperature dilute-acid pretreatment of
mixed hardwood corresponds to a higher hydrolysis yield. Consistent with our results, this
indicates that severe pretreatment at a high temperature above 200°C generates a smaller
particles with greater external surface area which may be attacked more readily than the
internal surface area of the enzyme accessible pores that are the predominant factor in
increasing surface area at the lower temperature.

[0128] Burns et al. {31] also demonstrated that enzyme-sized pores of dilute acid
pretreated mixed hardwood guickly disappeared at the initial stage of enzymatic hydrolysis
and the enzyme-accessible surface in the later stage of hydrolysis mainly comes from external
sarface of cellulose fiber. Therefore, a smaller particle would expenience less resistance to
hydrolysis, not only at the initial stage of the hydrolysis but also as the hydrolysis progresses,
leading to a higher cellulose conversion than a larger particle of a similar total enzyme
accessible surface area. In addition, a larger particle size of lignocellulose material may
experience a greater reduction in  hydrolysis rates than a smaller particle as the hydrolysis
reaction progresses due to the accumulation of more recalcitrant cellulose fraction and lignin
blockage. During enzymatic hydrolysis of cellulose, easily accessible cellulose is first
hydrolyzed while the amount of remaining, more resistant cellulose accumulates {47, 48]
Mooney et al. [49] also suggested that substantially reduced hydrolysis vields observed as the
hiydrolysis of cellulose proceeds might be caused by lignin restricting accessibility of enzymes
to the remaining cellulose.

[0129] Our results indicate that internal surface area of pores accessible by enzymes for
severely pretreated wood becomes is not as critical to the cellulose hydrolysis rates as it is for
less severely pretreated lignocelulose. For hardwood, severely pretreated at above 20G°C,
reduction in particle size and increase of external surface area determines the extent of
enzymatic hydrolysis of cellulose. A greater external surface area is expected tolead to a
higher extent of cellulose hydrolysis since enzymes do not need to diffuse into the pores, while
enzyme penetration into internal pores is a necessary step for a less severely, low temperature
pretreated cellulose.

[0130] Cellulose DP Change in LHW Pretreated Mixed Hardwood:

[0131] The role of degree of polymerization (IDP) on cellulolytic hydrolysis has been

somewhat unclear and contradictory. Some studies have reported low DP cellulose hydrolyzed
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faster than  high DP cellulose and other studies have found no clear relationship between DV
and extent of enzymatic hydrolysis of cellulose 16, 50-532]. Del Rio et al. [52] and Puri [16]
concluded that DP plays a significant role in controlling enzymatic hydrolysis of cellulose,
showing that DP of  various pretreated celhidose correlated negatively with cellulose
conversion. Dilute sulfuric acid  pretreatment of mixed hardwood at 180- 220°C has shown to
decrease cellulose DP [53]. The weduction in the DP of cellulose leads to an improved
cellulolytic hydrolysis of cellulose due to increased availability of cellulose chain ends for
cellobichydrolases to bind and the weakening of the aggregate hydrogen bond formation
between celluiose chains allowing easier access of cellulases [54, 551

[0132] The DP values of cellulose in pretreated solids relative to untreated mixed
hardwood cellulose were measured by viscometric method. These are summarized and plotted
against cellulose conversion yields in FIG. 6. The viscosity average DP of untreated mixed
hardwood pin chips was 2930, which was relatively close to the published viscometric DP
values for various types of wood (3000-5000) [54]. Liquid hot water pretreatment
significantly reduced the DP of cellulose. The pretreated solids sample 3 which was prepared
at 180°C for 1.3 hr (Log R( = 4.24) had a DP that was 50% lower than untreated hardwood.
There was a clear linear drop of DP as the pretreatment temperatiire increased (sample #2
through 4} at a fixed severity factor. The multi-stage pretreatments resulted in an even further
DP reduction and the reduction in the measured DP started to level off to a relative DP less
than (.2 (< 600 to 1000). Sample 9 had the lowest DP which was equivalent 1o 16% of the DP
of untreated cellulose and exhibited the highest cellulose yield. The average DP of Avicel and
Solka Floc was 306 and 1535, respectively. The reported DP value of Avicel PH101T 15 230
[68]. Despite the relatively high DP, Solka Floc was morve digestible than Avicel. For the pure
cellulose {Avicel, Solka Floc), celhilose DP was highly variable and did not correlate well with
the cellulose conversion yields, suggesting that other factors such as crystallinity might play a
major role on cellulose digestibility. Fan et al. [65] found that the hydrolysis rate is mainly
dependent on cellulose crystallinity rather than surface area for Solka Floc and
microcrystalling cellulose.

[0133] The cellulose DP was the only substrate characieristic examined herein that
showed a clear correlation with the cellulose’s susceptibility to cellulases for all pretreated
samples of varying pretreatment conditions. We can conclude from the results that the quid
hot water pretreatment substantially reduces cellulose DP, and the DP reduction increases with
the pretreatment temperature and severity until it reaches to a level-off DP (~300). In
comparison, the level-off DP of sulfite wood pulps is between 200-400, for example [56]. The

cellulose DP appeared to be one of the main determinants of cellulose conversion of liguid hot
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water pretreated wood in addition to the enzyme-accessible external and internal surface area

and porosity as discussed earlier.

[0134] Effect of Blocking Lignin by BSA on Low Enzyme-Dose Cellulose
Hydrolysis:
[0135] Despite the significant advances in cellulase effectiveness and cost in the past

decade, cellulase costis still the major cost factor in enzymatic conversion of lignocellulosics.
Cost- efficient cellulose conversion cannot be realized without substantial reduction in enzyme
dose. The enzyme dose commonly applied in most studies is in a range of 5-30 FPU/g glucan
which is equivalent to 8-45 mg protein/g glucan, assuming 1.5 mg protein/FPU of a
commercial cellulase. A figure of merit is given by corn to ethanol processes, where enzyme
doses are 0.1-0.2% of dry corn weight and correspond to a loading of 1-2 mg protein/g dry
corn {57]. For cellulosic ethanol process to be cost-effective, the cellulase (protein) dose must
be similar. However, as cellulase loading approaches this low level, the ratio of phenolic-
based inhibitors to enzyme proteins increases and may cause a significantly reduced celiaiose
hydrolysis through non- productive binding between phenolics and enzyme proteins {538},
Such phenolic-based cellulase inhibitors include both soluble phenolic compounds released
during pretreatments [58-61] as well as lignin retained in the pretreated sohds |62, 63} It
appears that B-glucosidase is especially sensitive to phenolics-induced inhibition by forming
non-productive binding with phenolic compounds [38-60]. Furthermore, lignin is known to
adsorb cellulases, and our work shows hinding is likely to be non-specific at pH 5, which is
slightly higher than the iso-electric pH of cellobichydrolases 1 (pl=3.6-3.9), the most abundant
cellulase in Trichoderma reesei [66]. As a means to alleviate the phenolic-induced inhibition,
many studies used exogenous proteins to block hignin from binding with cellalases. Such
proteins include albumin, BSA or peptone {42, 63]. For example, Pan et al. {63] reported that
the cellulose conversion of steam-exploded softwood improved by as much as twice that of a
control run when pretreated solids were treated with bovine serum albumin (BSA) or peptone.
[0136] As disclosed herein, the low cellulase dose celhulose hydrolysis of pretreated
mixed hardwood solids was carried out using 3 mg cellulase protein (equivalent to 2 FPU
Spezyme CP) per g ghucan with or without BSA treatment (150 mg BSA/g glucan) to assess
the impact of lignin inhibition on low-enzyme dose hydrolysis. Glucose yields of the low-
dose cellulase hydrolysis with or without BSA treatment were plotted against the yields from
high cellulase loading hydrolysis runs in FIG. 7TA. As expected, BSA treatment did not affect
the hydrolyrzability of the non-lignin celiulose Avicel and Solka Floc as they do not contain
lignin to adsorb BSA or cellulase protein (see FIG. 4B).

[0137] While > 90% glacose yield was achieved for the most severely pretreated

mixed- hardwood (sample 9) with the high cellulase loading at 20 FPU (= 32 mg protein) per g
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glucan, the yield was only 13% when hydrolyzed with 1/10 cellulase dose (3 mg protein/g
glucan). It was notable that glucose yields at low enzyme dose did not vary much (8-13%
vield) among the pretreated solids while there was a great degree of variability in yields (20-
90% yield) when a high dose of cellulase was vsed {or hydrolysis of the same materials. This
implies that the inhibition by non-productive binding between lignin and cellulase is araplified
as the cellulase loading drops and the amount of cellulase available for cellulase is reduced.
This consequently led to a low ghucose vield (< 15%) even for the severely pretreated
materials which exhibited favorable substrate features for cellulose conversion, such as
negligible xylan content, low cellulose DP, high external and internal cellulose-accessible
surface area. The resuits suggest  that efficient cellulose hydrolysis with low enzyme loading
will be limited by non-favorable interactions batween cellulase and lignin remaining in
pretreated solids, even if the pretreated cellulose presents favorable physicochemical
characteristics for cellulase accessibility. When cellulase was used at a high dosage, the
inhibitory effect of lignin on celhdose hydrolysis was not as obvious since there was an excess
amount of cellulase proteins present enough to overcome the inhibitory effect of lignin.

[0138] {Cellulose conversion yields of the pretreated materials increased up to 70%
when the pretreated materials were treated with BSA to block the lignin from binding with
cellulase proteins. Also, the yield response of low cellulase dose hydrolysis rans showed a
linear relationship with the vield response of high enzyme dose experiments. The pretreated

solids exhibiting a low glucose yield with high enzyme dose also gave a low vield with 1/ 101}1

lower enzyme dose, even when lignin was blocked from binding with ceflulases by BSA

treatment. On the other hand, highly digestible pretreated solids with 20 FPU cellulase per g

glucan resulted in a greatly improved yield at U/ Him of enzyme dose when pre-incubated with
BSA. Once the inhibitory effect of lignin is eliminated by pre-incubating the pretreated solids
with B3 A, the cellulose conversion yields of pretreated wood with low enzyme dose
responded in accordance with the structural characteristics of pretreated solids: cellulose DP,
external surface area, porosity, and hemicellulose content. The results above show that
minimizing inhibition by lignin and phenolic compounds is a key requirement for achieving
cost-effective lignocellulose hydrolysis with cellulases.

[0139] The severely pretreated sample 9 exhibited a high yield (approximately 70%)
with low cellulose dose (2 FPU/g glucan) when lignin was blocked with BSA at 150 mg BSA
per g glucan as shown in FIG. 7A. This indicated that the pretreated substrate exhibited
favorable substrate characteristics for high enzyme accessibility to cellulose if non-specific
hgnin-celiulase binding was eliminated by BSA treatment as discussed in previous sections.
The sample 9 was chosen to  further determine the minimum requirement of necessary total

protein loadings of BSA and cellulase for achieving high yields (>90%). 1t is critical to
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estimate the amount of total proteins  and the ratio of cellulase to lignin-blocking non-
cellulolytic proteins such as BSA as these ultimately determine the cost of proteins in
lignocelluloses conversion process and economical feasibility of such process. The ratio of
cellulase to total protein (BSA and celhdose combined) was varied at 4 different total protein
levels (10-100 mg total protein/g glucan). At each total protein level, the amount of cellulase
{Spezyme CP} was varied to give different ratios of cellulase to total protein {(cellulase/
cellulase+BSA). Hydrolysis yields were plotied against the ratios of cellulase to total protein
as presented in FIG. 7B.

[0140] When there was only BSA, yield was only 2%. When only cellulase was added
without BSA (at cellulase total protein ratio=1), vields varied between 13-97%, 3 mg protein/g
glucan giving the lowest yield (13%) and 100 mg protein/g glucan resulting in near 100%
glucose yield. When cellulase loading was greater than 25 mg protein/g glucan, the yield was
close to 90% e v e n without any BSA treatment {(see ratio=1 in FIG. 7B), indicating that, at
above 25 mg cellulase proteins/g ghucan, the available cellulase proteins for efficient
hydrolysis are enough to  overcome the loss of cellulase proteins by non-specific binding
between cellulase and lignin.

[0141] At 100 mg cellulase protein/g glacan, replacing 85 mg cellulase protein with the
same amount of BSA (cellulase loading=15 mg/g glacan, equivalent to cellulase to total
protein ratio = 0.15) resulted in the same vyield (97%) as the hydrolysis with 100 mg cellulase
protein/ g glucan. At 3 mg cellulase protein and 97 mg BSA (cellulase to total protein
ratio=0.03), the yield was close to 80%. Similarly, at 50 mg total protein loading, 6 mg
celulase and 44 mg BSA per g glucan (cellulase to total protein ratio=0.12) resulted in 81%
glucose yield. Considering that at  least 25 mg cellulase protein/g glucan was necessary to give
the simiar extent of cellulose conversion when BSA was not added, theses indicates that the
amount of cellulase loading can  be greatly reduced (from 25 to 3 myg protein/g glucan) if
lignin is efficiently blocked by BSA. The ratio of celiulase to total proteins that corresponded
to 80% glucose yield was .03, 0.12 and 0.8 for 100, 30 and 25 mg total protein/g glucan
lvadings, respectively. The results indicated that at least greater than 50 mg BSA per g glucan
was required to extensively block the lignin to ensure a high cellulose conversion (>80%) at a
low cellulase loading (< 6 mg cellulase/g glucan).

[0142] Those skilled in the art will recognize that numerous modifications can be
made to the specific implementations described above. The implementations should not be
limited to the particular limitations described. Other implementations may be possible. In
addition, all references cited herein are indicative of the level of skill in the art and are hereby

incorporated by reference in their entirety.
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Claims:

1. A method for improving enzymatic digestibility of lignocellulose, comprising:
pretreating a lignocellulose feedstock; and
solubilizing hemicellulose in the lignocellulose feedstock.
2. The method of claim 1, wherein the lignocellulose feedstock has a composition of
about 30 to about 60% cellulose, about 20 to about 40% hemicellulose, about 15 to about
30% lignin, with the balance extractives and ash to give a total of 100%
3. The method of claim 1, further comprising separating and washing pretreated solids to
thereby eliminate inhibition by soluble sugar-oligomers and phenolic compounds released

during pretreating.

4. The method of claim 3, wherein the washing step further comprises using water of

between about 0.5 to about 15 times the weight of the biomass.

5. The method of claim 4, wherein the water is recycled water.

6. The method of claim 5, further comprising using distillation column bottoms.

7. The method of claim 3, wherein the washing step is conducted at room temperature.
8. The method of claim 3, wherein the washing step is conducted at temperatures up to
100°C.

9. The method of claim 3, further comprising pressure washing at temperatures up to
140°C.

10. The method of claim 3, wherein the washing step is carried out in at least two stages.
11. The method of claim 10, wherein the washing step further comprises first using at a

temperature of between about 50°C and about 100°C followed by water at 15 to 50 C.

12. The method of claim 3, wherein the washing is carried out in a plurality of stages,
wherein the washed solids from one stage is contacted counter-currently with wash water

from a previous stage.

13. The method of claim 1, wherein the pretreating step comprises a single-stage
pretreatment.
14. The method of claim 13, wherein the pretreating step is conducted at temperatures

above 140°C.
15. The method of claim 1, wherein the pretreating step comprises a two-stage

pretreatment.
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16. The method of claim 6, wherein the first pretreating step is conducted at temperatures
above 140°C.

17. The method of claim 15, wherein the second pretreating step is conducted at
temperatures above 180°C

18. The method of claim 6, wherein the first pretreating step is conducted at temperatures
above 140°C.

19. The method of claim 18, wherein the second pretreating step is conducted at
temperatures above 190°C.

20. The method of claim 6, wherein the first pretreating step is conducted at temperatures
above 140°C.

21. The method of claim 20, wherein the second pretreating step is conducted at
temperatures above 195°C.

22. The method of claim 6, wherein the first pretreating step is conducted at temperatures
above 140°C.

23. The method of claim 22, wherein the second pretreating step is conducted at
temperatures above 200°C.

24. The method of claim 6, wherein the first pretreating step is conducted at temperatures
above 140°C.

25. The method of claim 24, wherein the second pretreating step is conducted at
temperatures above 205°C.

26. The method of claim 6, wherein the first pretreating step is conducted at temperatures
above 140°C.

27. The method of claim 26, wherein the second pretreating step is conducted at

temperatures above 210°C.

28. The method of claim 1, wherein the pretreating step comprises a three-stage
pretreatment.
29. The method of claim 28, wherein the first pretreating step is conducted at

temperatures above 140°C.

30. The method of claim 29, wherein the second pretreating step and third pretreating
steps are conducted at temperatures above 180°C.

31. The method of claim 1, wherein the pretreating step comprises a multi-stage

pretreatment.
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32. The method of claim 31 wherein the first pretreating step is conducted at temperatures
above 140°C and the subsequent pretreating steps are conducted at temperatures above
210°C.

33. The method of claim 1, further comprising solubilizing at least half of the
hemicellulose as xylo-oligosaccharides.

34, The method of claim 1, further comprising keeping the slurry under pressure to keep
the water in a liquid state.

35. The method of claim 1, wherein the cellulose loading is between about 0.5 to about 40
FPU per gram glucan.

36. The method of claim 1, further comprising blocking the lignin from binding with
cellulose proteins with a non-specific binding protein.

37. The method of claim 1 wherein pretreated solids are washed with 1 to 20 volumes of

water per volume lignocellulose.

38. The method of claim 1, wherein the non-specific binding protein is bovine serum
albumin (BSA).
39. The method of claim 1, wherein the pretreating step is conducted at a temperature of

above 180°C.

40. The method of claim 1, wherein the lignocellulose feedstock comprises hardwood.
41. The method of claim 1, wherein the lignocellulose feedstock comprises corn stover.
42. The method of claim 1, wherein the lignocellulose feedstock comprises wheat straw.
43. The method of claim 1, wherein the lignocellulose feedstock comprises switchgrass.
44. The method of claim 1, wherein the lignocellulose feedstock comprises sugarcane
bagasse.

45. The method of claim 1, wherein the lignocellulose feedstock comprises sorghum
residues.

46. The method of claim 1, wherein the lignocellulose feedstock comprises corn pericarp.
47. The method of claim 1, wherein the lignocellulose feedstock comprises soybean hulls.
48. The method of claim 1, wherein the lignocellulose feedstock comprises soybean
residue.

49. The method of claim 1, wherein the lignocellulose feedstock comprises hay.

50. The method of claim 1, wherein the lignocellulose feedstock comprises softwoods.
51. A method, comprising solubilizing hemicellulose to thereby improve enzymatic

digestibility of lignocellulose.
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52. The method of claim 51, wherein the solubilizing step is accomplished by liquid hot
water pretreatment.

53. The method of claim 52, wherein the liquid hot water pretreatment is carried at
temperatures above 180°C.

54. The method of claim 52, wherein the liquid hot water pretreatment is carried out in
multiple stages, such that the majority of hemicelluloses are preserved as xylo-
oligosaccharides.

55. The method of 54, wherein the liquid hot water pretreatment comprises a single-stage
pretreatment.

56. The method of claim 55, wherein the liquid hot water pretreatment is conducted at
temperatures above 180°C.

57. The method of claim 54, wherein the liquid hot water pretreatment comprises a two-
stage pretreatment.

58. The method of claim 57, wherein the first pretreating step is conducted at
temperatures above 140°C.

59. The method of claim 58, wherein the second pretreating step is conducted at
temperatures above 180°C.

60. The method of claim 57, wherein the first pretreating step is conducted at
temperatures above 140°C.

61. The method of claim 60, wherein the second pretreating step is conducted at
temperatures above 190°C.

62. The method of claim 57, wherein the first pretreating step is conducted at
temperatures above 140°C.

63. The method of claim 62, wherein the second pretreating step is conducted at
temperatures above 195°C.

64. The method of claim 57, wherein the first pretreating step is conducted at
temperatures above 140°C.

65. The method of claim 64, wherein the second pretreating step is conducted at
temperatures above 200°C.

66. The method of claim 57, wherein the first pretreating step is conducted at
temperatures above 140°C.

67. The method of claim 66, wherein the second pretreating step is conducted at

temperatures above 205°C.
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68. The method of claim 57, wherein the first pretreating step is conducted at
temperatures above 140°C.
69. The method of claim 68, wherein the second pretreating step is conducted at

temperatures above 210°C.

70. The method of claim 54, wherein the pretreating step comprises a three-stage
pretreatment.
71. The method of claim 70, wherein the first pretreating step is conducted at

temperatures above 140°C.
72. The method of claim 71, wherein the second pretreating step and third pretreating

steps are conducted at temperatures above 180°C.

73. The method of claim 54, wherein the pretreating step comprises a multi-stage
pretreatment.
74. The method of claim 73 wherein the first pretreating step is conducted at temperatures

above 140°C and the subsequent pretreating steps are conducted at temperatures above
210°C.

75. The method of claim 54, further comprising solubilizing at least half of the
hemicellulose as xylo-oligosaccharides.

76. The method of claim 75, further comprising keeping the slurry under pressure to keep
the water in a liquid state.

7. The method of claim 52, further comprising a cellulase enzyme loading, wherein the
cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan after the pretreatment
is complete and temperature is reduced to below 70°C.

78. The method of claim 52, further comprising a cellulase enzyme loading, wherein the
cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan after the pretreatment
is complete and temperature is reduced to below 60°C.

79. The method of claim 52, further comprising a cellulase enzyme loading, wherein the
cellulose enzyme loading is about 0.5 to about 20 FPU per gram glucan after the pretreatment
is complete and temperature is reduced to below 50°C.

80. The method of claim 52, further comprising blocking the lignin from binding with
cellulose proteins with a non-specific binding protein.

81. The method of claim 80, wherein the non-specific binding protein is bovine serum

albumin (BSA).
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